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Abstract 

A high-iemperatLire solid electrolyte hydrogen sensor consisting of two electrochemical cells was investigated. One cell was employed 
for electrochemical pumping of hydrogen from hydwgen -containing atmosphere and the other was used for sensing of the ambient 
hydrogen with the pumped hydrogen as a standard gas. On applying a voltage above 2.5 V to the pumping cell, a sufficient EMF response 
against hydrogen partial pressure was observed over a wide range of Pw.. The required voltage of the pumping cell was affected by the 
hydrogen partial pressure in the test gas. O 2001 Elsevier Science B.V. All rights reserved. 
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1. Introduction 

SrCe03- and CaZi03-based oxides exhibit appreciable 
proton conduction under hydrogen-containing atmosphere 
at high temperatures [l->3]. Using these oxides as a solid 
electrolyte, high-temperature-type hydrogen sensor can be 
constructed [4,5]. A hydrogen sensor for molten metals has 
been developed and widely used in the process control in the 
metal melting industry [6,7]. However, the hydrogen sensor 
needs a standard gas with a known hydrogen pressure, e.g. 
1% hydrogen argon-balanced gas, and thus the sensor 
system needs to equip the gas cylinder [6]. If such external 
standard material is excluded, it is possible to miniaturize 
the sensor device. Although molecular sieve, AIP04a:H20, 
etc. were examined as intemal solid stiindard materials [5], 
Jong-time stability and reproducibility were still insufficient 
for a practical use. Hydrogen sensors based on the change in 
electrical conductivity of high-temperature-type protonic 
conductor have been studied [8-10]. 

Different from conductivity-type sensor, we have pro- 
posed a new-type steam .sensor using two electrochemical 
ceils [11]. One cell was employed for electrochemical 
pumping of hydrogen by means of electrolysis of water 
vapor in the atmosphere. Water vapor pressure could be 
detemiined from EMF of the other cell using the pumped 
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hydrogen as a standard gas. In this paper, this working 
principle was applied to hydrogen sensor and the sensing 
perfomiance was investigated. 

2. Working principle of the hydrogen sensor 

The working principle of the present hydrogen sensor is 
fundamentally the same as that in our previous paper of a 
steam sensor [11]. This principle of the hydrogen sensor is 
schematically illustrated in Fig. 1 . The sen.sor consists of two 
proton-conducting electrolytes and a semi-closed gas com- 
partment between the electrolytes. A constant voltage is 
applied to one cell to pump up hydrogen from a hydrogen- 
containing gas to be measured by the following electrcxie 
reactions. 

Outer electrode of pumping cell < anode > 
H2 — 2H+ + 2e- 

Tnner electrode of pumping cell < cathode > 
-f 2e- — H2 

The hydrogen gas thus pumped was accumulated in a 
compartment between the pumping cell and the sensing 
cell. A small leakage is provided for the standard gas 
compartment, so that the hydrogen pressure in the compart- 
ment can be kept equal to the atmospheric pressure 
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(in ;iiin). The other cell with a proton conductor generates 
KMK ;it:ainst the pumped hydrogen as a standard gas. The 
sciisrni! cell can be expressed as 



II' ' l.(»atni),Pt|electrolyte|Pt, test gas 



(3) 



The HMF is base^ on the ratio of the hydrogen pressure in 
ihc sLindard gas compartmentl^H: = 1-0 atm) to that in the 
icsl -as /*H^(2): 



Kl' /-'H.(latm) 



(4) 



Tlicrctojv. /-'h; in the test gas can be detennined from the 
nicasurod EMF of the cell (3). 



3. Kxpcriniental 

The construction of the hydrogen sensor was essentially 
llie same as that shown in Fig. I. The proton-conducting 



oxides used for the pumping and the seasing cells were 
dense ceramics of SrCeo.95'Sn:>o.o503_«. Both surfaces of the 
ceramic discs (diameter: 14.5 mm, thickness of pumping 
cell: 0.5 mm, thickness of sensing cell: 1.0 mm) were 
adhered with porous platinum as an electrode material 
(electrode ai-ea of pumping cell: 0.6 cm", sensing cell: 
0.5 cm-). The ceramic of SrCeo.o.^Ybo.o.^O^-a for the pump- 
ing cell had a small open hole with a diameter of about 
20 ^im to leak excess amount of hydrogen from the standard 
gas compartment as shown in Fig. 1. Between the pumping 
and the sensing cells the spacer made of SrCco 95Ybo.o503_a 
was sandwiched with sealant. This spacer plays a role of 
electronic insulator to prevent the electronic contact 
between the pumping and the sensing electrodes. Direct 
current was sent to the pumping cell in a potentiostatic 
manner. EMF of the sensing cell was measured with an 
electrometer CHOKUTO DENKO HE- 1 04). A mixture of 
hydrogen and argon was used as a sample gas and was 
saturated with water vapor at 20"C. The hydrogen partial 
pressure of the mixtured gas was detennined by a gas 
chromatograph. The operating temperature was 700 'C. 



4. Results and discussion 

4.!. The sensing petforniance 

Fig. 2 shows the EMF of the sensing cell and the current 
density of the pumping cell plotted against the voltage 
applied to the pumping cell, Ph. the test gas was 
0.081 atm. In this condition, protonic transport number in 
SrCeo.95Ybo.o503_c, is almost unity [K12]. Tt is clear from 
this Fig. 2 that, when a voltage was applied to the pumping 
cell, the hydrogen was pumped from the test gas to the 
standard gas compartment, and the EMF of the sensing cell 
was increased. The EMF reached almost constant when a 



250 



200 



^ 150 

s 

100 



50 




0.5 1 1.5 2 2.5 3 

Applied voltage (V) 

Fij;. 2. CMP rcsptmse »»!* ihc scn.sing cell and ihc voUagc-currcni relalion of pumping cell ai 700X. 



.4 



132 



AT. k'aiahira et al. /Sensors aiid Aciuulon B 7 J (2001) ]^0-Ly4 



250 



200 



150 



100 



50 - 




1 -Oatm 



0.5 



1 1 .5 2 

Applied voltage (V) 



2.5 



Fig. 3. EMF response of the sensing cell and applied to the pumping cell 
as a parameter of hydrogen parital pressure in the test gas (700' C). 



voltage higher than 1 .0 V was applied. This resuJl suggests 
that the partial pressure of hydrogen in the standard gas 
compartment increased with the voltage and became con- 
stant when a sufficient voltage was applied to the pumping 
ceil. Such dependence of EMF on the applied voltage was 
similar to that observed for the steam sensor previously 
reported by the authors [11]. 

Fig. 3 shows the relation between theEMFsof the sensing 
ceil and the applied voltage of the pumping cell under 
various hydrogen partial pressures. All the EMFs increased 
with increasing applied voltage and became unchanged after 
certain voltages were applied. The values of applied voltage 
necessary to obtain constant EMF increased with partial 
pressure of hydrogen in the test gas. 

EMF of the sensing cell with pumping voltages 2.0-3.0 V 
is plotted against logarithm of hydrogen partial pressure of 
the test gas in Fig. 4. Dashed line shows the theoretical EMF 
calculated from Eq. (4); the hydrogen pressure in the 
standard gas compartment is assumed to be 1 atm. The 
relation between the observed EMF and /^h. was in good 



agreement with theoretical one when a voltage higher than 
2.5 V was applied. This result indicates that the small open 
hole provided for the standard gas compartment is filled with 
hydrogen at I atm upon pumping a sufficient amount of 
hydrogen. The present hydrogen sensor, thus, worked in 
accordance with the presumed working principle described 
in Section 2, and could determine the partial pressures of 
hydrogen in the range from I to. at least.. 0.01 atm. 

4.2. The response speed of the sensor 

EMF response was examined by changing hydrogen 
partial pressures in the test gas. Fig. 5 shows the time 
evolution of the EMF for test gases with Fh. in the range 
of 0.01 1-1.0 atm: applied voltage for the pumping cell was 
2.5 V. The EMF exhibited quick response against the 
changes in hydrogen partial pressures and indicated stable 
values. The time required to reach 90% of the final value was 
about 100 s. All the EMF values were close to the theoretical 
ones. When the circuit of the pumping cell was opened, the 
EMF of the sensing cell decreased slowly to 0 mV. This 
result indicates that the pumped hydrogen from the test gas 
flows away through the small hole and inversely the test gas 
with low content of hydrogen comes into the hole. 

An initial response of the sensor was tested under a 
constant atmosphere of P^. =0.011 atm in the test gas, 
and the result is shown in Fig. 6. Before applying the voltage 
to the pumping cell of the hydrogen sensor, a small uncertain 
EMF was observed which might be affected by a fomier 
measurement: as shown Fig. 5, it takes a long time to obtain 
the same atmosphere for the standard gas compartment and a 
test gas. However, on applying a voltage to the pumping cell, 
the EMF increased quickly and reached a theoretical value in 
20 s. 

In any cases, the response speed is ver>' quick and it is 
sufficient for a practical use. This sensing perfomiance 
depends on the size of the sensor cell, particularly, on the 
size of open hole of the pumping ceil. Therefore, in the 
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future, it would be able to miniaturize sensor device and 
facilitate the handling. 

4,3. Required vol raises for the pumping cell 

From the discussion in Section 4.2, it has become clear 
that this hydrogen sensor can be utilized for a practical use. 
However, applied voltages were relatively large. Jn order to 
clarify this reason, the relation between the current density 
and the applied voltage of the pumping cell was plotted in 
Fig. 7. Under low hydrogen partial pressure the current 
densities do not increase in the range of low applied voltage. 
This phenomenon suggests that hydrogen was hardly 
pumped in this applied voltage range. This reason is prob- 
ably the concentration polarization of hydrogen [12]. Thus 
the large applied voltage was needed to detect hydrogen gas 
in low concentration. 

To understand this phenomenon, the plot of the EMFs of 
the sensing cell against current density of the pumping cell 
was shown in Fig. 8. EMFs increased with increasing current 
density and they reached a constant value at almost the same 



200 



I 150 



S 100 



O 50 



I.Oatm / 



y/p^ 0.081 



0.332atm 



,^<y 0.026alm.--'^ ^ 



^' 0.01 lalm 



- . -V— ■ V . 



0.5 



1 1.5 2 

Applied voltage(V) 



2.5 



Fig. 7. Relation between current density and applied voltu'je of pumping 
cell at 700"C. 



current density despite the difference in hydrogen partial 
pressure. This result suggests that a certain current density is 
needed in maintaining the hydrogen partial pressure in the 
standard gas compartment. The applied voltage to obtain 
sufficient current density is different for a given hydrogen 
partial pressure in the test gas. Becau.se of the concentration 
polarization of hydiogen at the anode of pumping cell and 
because of relatively large size of the hole, the lajge applied 
voltage needs to detect hydrogen in a low partial pressure in 
the test gas. 



5. Conclusion 

A high-temperature solid electrolyte hydrogen sensor 
using two electrochemical cells was investigated. On apply- 
ing a voltage above 2.5 V to the pumping cell, the EMF of 
sensing cell reached the theoretical value for the hydrogen 
partial pressure of the test gas. The response speed of the 
sensor was very fast and would be sufficient for a practical 
use. A certain current density is needed for maintaining the 
hydrogen partial pressure of the standard gas compartment. 
The applied voltage to obtain sufficient current density is 
different for the hydrogen partial pressure in the test gas. 
Because of the concentration polarization of hydrogen and 
the size of the sensor cell, relatively large applied voltage is 
needed to detect low partial pressure of hydrogen in the test 
gas. 
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